Disconnected diagrams give crucial contributions to the physics of flavor singlet hadrons and to scalar form factors of non-singlet hadrons. Naive lattice calculation of the disconnected diagrams, however, requires a huge number of fermion matrix inversions and hence a prohibitively large computational cost. In this article, we present recent studies of the flavor-singelt meson spectrum and nucleon strange quark content using the all-to-all propagator to calculate the relevant disconnected diagrams.
Disconnected diagrams give crucial contributions to interesting physics including the flavorsinglet meson spectrum and nucleon strange quark content. Interesting nature of the former, such as the famous U (1) problem and the ideal mixing of vector mesons, has to be confirmed from first principles, and the latter is an important parameter in direct experimental searches for the dark matter. In this article, we present studies by the JLQCD Collaboration [1, 2, 3] that use a recently proposed method, namely the all-to-all quark propagator [4] .
Our gauge configurations of three-flavor QCD are generated at a lattice spacing a ≃ 0.1 fm using the overlap quark action, which exactly preserves chiral symmetry on the lattice. We simulate four values of degenerate up and down quark masses m l , which cover a region of the pion mass 300 M π [GeV] 550 MeV, and two strange quark masses m s ≃m s,phys and (5/4)m s,phys with m s,phys the physical mass. The flavor-singlet meson spectrum is calculated on a spatial lattice volume (1.8 fm) 3 , and we also simulate a larger volume (2.7 fm) 3 for the nucleon strange quark content to avoid finite volume effects. We refer readers to Ref. [5] for further details of our gauge ensembles.
It is conventional to calculate connected hadron correlators by using the so-called point-to-all quark propagator S F (x ′ , x), which flows from a fixed lattice site x to any site x ′ and is obtained by solving
where D is the Dirac operator. One can naively evaluate disconnected quark loops S F (x, x) by solving (1.1) for each lattice site x, but it requires prohibitively large computational cost. Instead, we may construct the all-to-all quark propagator, which contains propagations from any lattice site to any site, in an effective way [4] . We determine low-lying eigenvalues {λ k } and corresponding eigenvectors {u k } of D, and the contribution of these low-modes to the all-to-all quark propagator is calculated exactly as
The number of the low-modes N e is set to 160 (240) on the smaller (larger) lattice. We confirm that low-energy observables, such as disconnected hadron correlators, are well dominated by the low-mode contribution with this choice of N e . The small contribution from the higher-modes can be estimated stochastically by the socalled noise method, which is not computationally intensive. This all-to-all propagator is used to calculate disconnected correlators of the flavor-singlet mesons and nucleon. We refer to Refs. [1, 2, 6] for technical details.
Flavor-singlet meson spectrum
In the left panel of Fig. 1 , we plot vector meson correlators These observations imply an almost ideal mixing of the vector mesons, which is expected from the experimental spectrum. The right panel of Fig. 1 shows a linear chiral extrapolation of the mass of the φ meson state in (2.1). At the physical quark masses, we obtain M φ = 1036(12) stat (−91) sys MeV and M ω = 854(24) stat (−92) sys MeV, where the systematic error is estimated by adding higher order terms into the extrapolation form.
A similar analysis for the PS mesons suggests that η and η ′ mesons are significant mixture of the light (P l ) and strange mesons (P s ) in contrast to the vector mesons:
A linear chiral extrapolation yields M η = 620(47) stat MeV and M η ′ = 789(128) stat MeV. The obtained spectrum of the vector and pseudo-scalar mesons is in good agreement with experiment.
Nucleon strange quark content
We extract the bare value of the strange quark content N|ss|N bare from the ratio of the threeand two-point functions
A clear non-zero signal shown in the left panel of Fig. 2 is obtained by improving our simulation set up [2] : namely, we use the all-to-all propagator to precisely calculate the disconnected quark loop, and also use smeared nucleon source (Ō N ) and sink operators (O N ) in order to reduce excited state contamination of the three-and two-point functions.
In our previous study in two-flavor QCD [2] , we observe that the heavy baryon chiral expansion of N|ss|N bare shows poor convergence at similar quark masses. We therefore employ a simple linear extrapolation to the physical point and also test a constant fit to estimate the systematic uncertainty. Those fits are shown in the right panel of 
